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Several studies have been conducted on FDM 3d printed materials such as PLA 
(Polylactic Acid) and ABS (Acrylonitrile Butadiene Styrene), however, not for ASA 
(Acrylonitrile Styrene Acrylate). The use of ASA has been increasing due to its resistance 
to UV, heat, and some chemicals. The resistance to UV prevents the material from 
degrading its material properties in common outdoor conditions, whereas resistance to heat 
and oil prevents the material from discoloration. This combination of effects allows 
designers to use ASA in outdoor applications, however, material properties for ASA in the 
FDM 3d printing manufacturing process are not well defined. 
It has been shown for many other FDM 3d printed materials that raster orientation 
used for manufacturing parts can play an important role in predicting part strength. In this 
study, raster orientations used were 0⁰, +/-45⁰, and 90⁰. To perform the tests, MTS 
Universal Testing Machines were used along with Digital Image Correlation (DIC) to 
measure strain. DIC was incorporated to replace the use of strain gauge in the sample to 
find poisons ratio of the material. The results showed that raster orientation affects some 
material properties significantly, such as tensile, impact and flexural test. In these cases, 
0⁰ raster orientation produced the highest result whereas +/-45⁰ and 90⁰ produced a 
xiii 
 
similar lower strength. For other tests, such as compression, fatigue, and shear, raster 
orientation had a much weaker effect on part strengths.
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CHAPTER 1 – INTRODUCTION  
ASA POLYMERS 
Introduced by BASF Corporation in 1964, Acrylonitrile Styrene Acrylate (ASA) was 
developed under similar platform to Acrylonitrile-Butadiene-Styrene (ABS) with an 
improvement in discoloration and weatherability. It consists of acrylic ester elastomer, n-
Butyl Acrylate which is the main contributor to its resistance to heat, oil, UV irradiation, 
etc. The elastomer is produced as a result of copolymerization reaction of styrene and 
acrylonitrile [1]. Hence, the use of ASA filament in Fused Deposition Modeling (FDM) 
has been increasing due to higher resistance to UV irradiation compared to other FDM 
filaments such as ABS [2]. Some thermoplastics are prone to degrade their material 
properties after prolonged exposure to UV radiation, but ASA has the benefit of retaining 
its properties after extensive exposure to UV radiation even when compared to ABS with 
UV-resistance coating. Using the Falling Dart Impact test, ASA can withstand 85% of the 
impact resistance even after being exposed to sunlight for 3 years, while a similar ABS 
sample with a UV resistant coating can only be exposed to the same UV radiation for 3 
weeks to withstand and still keep 85% of the impact resistance [3]. In addition, colored 
ASA is more resistant to discoloration compared to colored PVC [3]. To determine how 
the mechanical properties of ASA differ from other common 3d printing materials, several 
tests were conducted such as tensile, shear, compression, flexural, fatigue, and filament 




There are several additive manufacturing or “3d printing” technologies widely used 
today. 3d printing is a method of creating a three-dimensional parts made usually from 
plastics or metals, although many other materials have been experimented with to allow 
wider uses of 3d printing capabilities. Typically, a model would be designed using a 3d 
modelling software and converted into a generic geometry file, such as the Standard 
Tessellation Language (STL) format. This geometry file is then “sliced” into thin layers. 
An algorithm then determines an appropriate toolpath for each layer to additively 
manufacture the 3d solid object. 
There are many printing methods available on the market today, such as not limited to 
Stereolithography (SLA), Selective Laser Sintering (SLS), Direct Metal Laser Sintering, 
Laser Deposition, and Fused Deposition Modelling (FDM). SLA was the world’s first 3d 
printing technology invented in the 1980s. This method uses laser to cure liquid resin 
which hardens once the laser passes through the resin. Although this is not the fastest 
printing technology, it produces a highly detailed 3d printed geometry, hence its best for 
application that require high resolution and accuracy. The SLS method also uses a laser, 
but instead of using liquid resin the method uses fine powdered resin that is melted 
(sintered) to the previous layer. This method also produces a high detailed 3d printed 
parts and is usually used in high volume industrial production. For the FDM method, the 
technology is now the least expensive, but produces the least detailed 3d printed part. 
This method melts a filament material as it is pushed through a hot nozzle that is moved 
around the print area. 
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For this study, the materials were 3d printed using FDM. The parts were modeled using 
3d modeling software, Solidworks, then saved as an STL file to be transferred to slicer 
software. In the slicing software, printing parameters such as nozzle size, filament 
diameter, layer height, wall thickness, infill density, infill pattern, printing temperature, 
etc. are determined. After all parameters have been determined, the slicer generates G-
Code which contains information for the printer to print the parts. In FDM printing 
technology, the extruder is moved around the xy plane to deposit material. For this thesis, 
the material was printed without reinforcement, hence, the sample was purely made from 
ASA. The method prints the material in a path that corresponds to the shape of the part, 




CHAPTER 2 - LITERATURE REVIEW 
A significant amount of research has been done on 3d printed part strength, however, the 
scope of materials tested is very limited.  For the most part, ABS has been studied 
thoroughly with some research focusing on materials such as PLA, Polycarbonate, Ultem, 
PEEK, and nylon.  Over the years, the additive manufacturing community has settled on 
testing methods (mostly borrowed from traditionally manufactured polymers testing), 
although standards have not yet been formally adopted by the testing standard bodies. 
TENSILE TESTING 
Testing has been conducted on most FDM printable materials, commonly focusing on 
Polylactic Acid (PLA) and ABS. For PLA, it has been shown that the average ultimate 
tensile strength (UTS) and modulus of elasticity (E) is between 54.01 and 64.03 MPa and 
3.33 and 3.6 GPa, respectively [4]. According to Chacon et al, the UTS and E for PLA are 
between 15.5 to 72.2 MPa and 2.02 to 3.55 GPa, respectively [5]. For ABS, Croccolo et al 
found the UTS and E are between 23.9 to 29.7 MPa and 1812 to 2117 MPa respectively 
[6]. Ziemian et al found ABS to have 14.56 to 25.72 MPa for UTS and 738.77 to 987.80 
MPa for E [7]. To further understand the material properties of 3d printed ASA, similar 
testing to these papers was completed. To understand how raster orientation affects part 
strength, samples were printed in three different raster orientations of 0⁰, 45⁰/-45⁰ 
(shortened to 45⁰ in this paper), and 90⁰. 
COMPRESSION TESTING 
Less compression testing has been published compared to tensile testing data for FDM 
materials. Liang, Y.L. [8] studied the effect of rubber content in 3d printed ASA on scratch 
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behavior in ASA copolymers using uniaxial compression tests as one method. The study 
found that rubber content above 30% in ASA reduces compressive yield stress which in 
turn reduces the scratch resistance of the polymer. Senatov, F.S. [9] studied the mechanical 
properties of 3d printed PLA-based scaffolds using compression tests and found the 
ultimate compression strength for PLA and PLA/hydroxyapatite (HA) was 30 MPa and 54 
MPa respectively. 
FATIGUE TESTING 
Very little fatigue data for FDM materials has been published. Fatigue data is time 
consuming and therefore expensive to obtain. Accordingly, if it has been performed, it is 
not always publicly available to maintain proprietary advantage. A few examples of fatigue 
research are discussed here. Afrose [10] studied the effect of build orientations on fatigue 
behavior of FDM-processed PLA material. The parts printed diagonally were found to have 
the highest fatigue cycle compared to horizontal and vertical samples. Ziemian [11] studied 
the impact of specimen mesostructure on the tensile-fatigue life of layered 3d printed ABS. 
With stress ratio of 0.1, the study showed that the samples with 0⁰ and +45⁰/-45⁰ raster 
orientation had a higher fatigue cycle compared to 45⁰ and 90⁰ raster orientation. 
IMPACT TESTING 
Very little impact testing data is available for FDM 3d printed materials.  Zhang [12] 
studied the effect of the ASA and PVC ratio to the toughness using a notched Charpy 
impact test. The study found that at 100/60 blend by weight of PVC/ASA, respectively, the 
toughness of the sample increases significantly. The samples were also exposed to UV 
irradiation for 30 days and exhibited a similar result. Research done by Ziemian [11] 
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showed the effect of raster orientation of 3d printed ABS using an Izod Impact test. The 
sample with longitudinal orientation had the highest average impact energy compared to 
other raster orientations. Rahman [13] studied the impact properties of Polyether Ether 
Ketone (PEEK) using a Charpy Impact test and found that the average impact energy was 
absorbed by the sample in 0⁰ followed by 90⁰. 
FLEXURAL TESTING 
Once again, very little information is available for flexural material properties of FDM 3d 
printed materials. A study of material properties of PLA completed by Letcher [4] using a 
flexural test showed that the highest ultimate flexural strength was obtained by samples 
with 0⁰ raster orientation. A study by Dizon [14] showed that samples with 0⁰ raster 
orientation had the highest flexural strength for PEEK samples, yield strength for ABS, 
and flexural modulus for PLA. 
SHEAR TESTING 
Until now, almost no shear test data has been published for 3d printed parts. Cantrell [15] 
showed that build orientation for shear samples affects the shear modulus for ABS samples. 
Samples that were printed flat had 25% higher modulus than samples printed on the edge 
of the sample and 12% higher modulus than up-right printed samples.  
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CHAPTER 3 - EXPERIMENTAL METHODS  
SAMPLE PREPARATION TEST METHODS 
All samples were made with ASA printed using an XYZ Printing Da-Vinci 1.0 with 
Repetier based firmware interpreter. The filament diameter and nozzle diameter were 
1.75mm (0.0689in), and 0.4mm (0.0157in), respectively. The build plate was heated to 
105oC (221oF) and the extruder was set to 260oC (500o F), parameters which are 
recommended by the material vendor, 3DXTECH. To clearly distinguish the effect of 
printing orientation, the infill was set to 100% and the layer height was 0.2mm (0.0078in), 
whereas the print speed was 50mm/sec. For a more accurate result, the top and bottom 
layer followed the infill printing orientation. However, two outer perimeters were used to 
maintain the integrity of the structure. Figure 1 (L) shows the difference in printing 
orientation in yellow and the two outer layers are highlighted in green and red. Blue lines 
represent the “raft” used to prevent the samples from warping off of the plate. 
 
Figure 1. Toolpath description (L), Printed Samples for all tests (R) 
 
During the sample manufacturing process, the temperature and humidity of the room were 
kept constant, at approximately 20oC (68oF) and a relative humidity of 40 ~ 50 %. Prior to 
testing, the dimension of each sample was measured for calculations and tolerance 
allowance. For this paper, the name of the raster orientation was defined as outlined below. 

















For compression testing, the raster orientation corresponds to the following images: 
 
Figure 3. Raster orientation demonstrations for compression samples 
1. Shape: Rectangular, Printing position: Vertical, Printing orientation: 45⁰ 
2. Shape: Rectangular, Printing position: Horizontal/ Flat, Printing orientation: 45⁰ 
3. Shape: Rectangular, Printing position: Horizontal/ Flat, Printing orientation: 90⁰ 
4. Shape: Rectangular, Printing position: Horizontal/ Flat, Printing orientation: 0⁰ 
5. Shape: Cylinder, Printing position: Vertical, Printing orientation: 45⁰ 
 
Figure 4. Printing orientation for compression samples 
TENSILE TESTING 
Tensile testing was conducted according to the ASTM standard test method for tensile 
properties of plastics, D-638, using type IV samples and an MTS universal testing machine 
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Insight 5. The speed of testing was determined from the type of sample. For non-rigid 
plastic, which was not injection molded, type IV should be used in the test, and the test 
speed would be 50 mm/min. The sample dimensions were shown in Appendix G. For the 
tensile test, the sample was printed in three different raster orientations: 0⁰, 45⁰, and 90⁰ 
with 100% infill. 
Digital Image Correlation was used in tensile testing to determine Poisson’s ratio. The 
sample surface was painted with “Color Place” white flat plaint using a Linzer artist brush 
set and spray painted with Valspar flat black spray paint to create the high contrast 
background and random speckles as shown in Figure 6. Then, the samples were measured 
with an electronic digital caliper to find the thickness and width which was then used to 
calculate the cross-section area of the narrow area. Each sample was numbered for 
reference purposes then clamped to the MTS insight grip as shown in Figure 5. 
                         






Figure 6. Example of paint background and speckles
To acquire the images, the camera used in this test was a Marlin F046B IRF made by Allied 
Vision Technologies GmbH as shown in Figure 7. The camera was placed perpendicular 
to the surface of the sample to minimize the effect of distortion. The camera was controlled 
by LabView software which acquires images and load data simultaneously A National 
Instruments USB 6009 data acquisition system was connected directly from the MTS 
machine to the laptop collecting the force and displacement data. An MTS 634.31F-24 
extensometer was placed on the sample to have a more accurate strain measurement for 
comparison as shown in Figure 8. 
 




Figure 8. MTS Extensometer 
Each sample was displaced at a constant rate of 5 mm/min until failure. The failure criteria 
for the test was to have the sample yield and break into two pieces. The fracture also had 
to occur in the test section of the sample. Any samples that fractured outside those regions 
were not considered.  
After the test was completed, the data from MTS machine provided time (s), force (N), and 
extensometer displacement (mm) which were then processed by a Matlab code [Appendix 
A] to find UTS, E, and yield stress. To find the Poisson’s ratio, the strain in x- and y-axis 
were obtained from the images evaluated using GOM Correlate. The software finds the 
average of strain in the longitudinal and transverse directions of every image to be 
exported. Using Excel, the following formulas were used to calculate Poisson’s ratio, 
modulus of elasticity, and yield stress. After the test, a picture was taken for every sample 
as reference as shown in Figure 9. 
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Figure 9. Tensile sample after testing 
COMPRESSION TESTING 
Compression testing was conducted using an MTS Universal Testing Machine Landmark 
370 according to ASTM D695 Standard Test Method for Compressive Properties of Rigid 
Plastics. The temperature and humidity were kept at 20o Celsius and 40% ~ 50% relative 
humidity during sample manufacturing, during storage, and throughout testing. Because 
3d printing allows for manufacturing any shape of sample, both rectangular and cylindrical 
samples were tested. The dimension of the sample is shown in Figure 6. Samples were 
compressed a displacement rate of 1.3 ± 0.3 mm (0.05 ± 0.01 in)/min.  
For the compression test, the sample was printed in five different printing properties with 
100% infill. Though some samples are printed in different positions (see Figure 3), all tests 
were positioned vertically during the tests as shown in Figure 10 and 11.
 
Data from the MTS data acquisition system and DIC was used to determine compressive 
material properties. This process and data files exported from the testing machine are 
similar to that of the tensile test. Accordingly, equations 1-3 from the tensile testing section 
were used to determine material properties in the Matlab code. 
Figure 6. Compression testing 10. Compre sion testing 




Fatigue tests were conducted according to the ASTM D 7791 Standard Test Method for 
Uniaxial Fatigue Properties of Plastics. The goal of this testing is to develop an SN curve 
for the material at a single stress ratio (in this case R = -1), using a sinusoidal wave loading 
profile. Again, the temperature and humidity were kept at 20o Celsius and 40% ~ 50% 
relative humidity. Each sample was measured for its width and thickness to find the cross-
section area. The sample dimension followed ASTM D-638 (Tensile Test) for type I as 
shown in Appendix G. Similar to other types of testing in this study, samples were printed 
in three different raster orientation: 0⁰, 45⁰, and 90⁰ and with 100% infill. 
For this type of testing, the MTS 858, as shown in Figure 12 and 13, was used to fatigue 
the samples. Samples tested at high stress levels (specify a stress level here, for example 
40 MPa and above), were fatigued at 5 Hz. To reduce the test duration, samples with lower 
loads were tested with a higher frequency of 20 Hz.  Samples were cycled until failure. A 
sample was considered to have failed when it was completely fractured in half.
 
Figure 12. Fatigue testing 
 
Figure 13. Fatigue sample of ASA 
IMPACT TESTING 
Impact tests were conducted according to the ASTM D256 Standard Test Method for 
Determining the Izod Pendulum Impact Resistance of Plastics. The impact test was 
17 
 
conducted using generic Izod Impact testing equipment as shown in Figure 14 (swing 
direction is shown with arrow). The temperature and humidity were kept at around 20o 
Celsius and 40% ~ 50% relative humidity.  
 
Figure 14. Impact test of ASA 
Before the test, the initial angle of the pendulum and the weight used was recorded. The 
sample was clamped in the slot with the notch facing to the pendulum hammer as shown 
in Figure 15. When the pendulum was released, the maximum angle was recorded and the 
fracture type for every sample determined if the test would need to be repeated. If the 
sample did not break completely, it was assumed that the maximum angle of the swing was 
not accurate, and therefore, the weight was stepped up to the next higher set of weights. 
Test method A was used for this test and two weights were used, small (0.449 kg) and 
medium (0.898kg). Each sample was measured for its width and thickness before the test. 
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Friction loss was determined before the test by swinging the pendulum without the sample 
present. The friction loss was considered in the calculation. 
 
Figure 15. Impact sample of ASA 
Fracture types were divided into four types according to ASTM D256: complete break, 
hinge break, partial break, and non-break. Samples that had partial and non-break failure 
were repeated to obtain a more accurate reading. The equations below show the 
calculations to determine impact energy of each sample 
;<=	0 ##"1 $>
#& = ?
 cosCDEF GHIJ −  cos$D&
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W = weight used (kg) 
G = acceleration due to gravity (9.81m/s2) 
L = length of swing arm (m) 
Ɵf = Final angle (degrees) 
FL = friction loss (Joule) 





Flexural testing was conducted in accordance to ASTM D790 Standard Test Methods for 
Flexural Properties of Unreinforced and Reinforced Plastics and Electrical Insulating 
Materials. Testing was conducted using an MTS Insight 5 Universal Testing Machine. The 
temperature and humidity were kept at 20o Celsius and 40% ~ 50% relative humidity. For 
this test, procedure A was used. Which specifies a constant deflection rate. Due to the 
sample geometry chosen, a displacement rate of 1.3 mm/sec was used. An MTS 3/4 Point 
Bending Fixture was used to place the sample with the support span 51mm (2 inches) apart 
as shown in Figure 16. In this test, the load is applied in the middle of the sample until it 
fractures or until the sample makes contact with the testing apparatus outside of the loading 
locations (due to extreme flexure). 
 
Figure 16. Flexural test of ASA 
To determine ultimate flexural strength, modulus of flexure, and yield stress, the following 
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UE = Strain in the outer surface, mm/ mm (in/ in) 
D = Deflection of the center of the beam, mm (in) 
L = Support span, mm (in) 
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 XE = Stress in the outer fibers at midpoint, MPa (psi) 
P = Load, N (lbf). 
L = Support span, mm (in) 
b = Width of the beam tested, mm (in) 







                   (12) 
EB = Modulus of elasticity in bending, MPa (psi) 
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SHEAR TESTING 
Shear testing was conducted according to the ASTM D5379 Standard Test Method for 
Shear Properties of Composite Materials by the V-notched Beam Method. Testing was 
conducted using an MTS Insight 5 Universal Testing Machine. The temperature and 
humidity were kept at around 20o Celsius and 40% ~ 50% relative humidity. Each sample 
was measured for its width and thickness to find the cross-section area. This test measures 
force and displacement to find Shear Modulus of Elasticity (GPa), yield stress (MPa), and 
Ultimate Shear Stress (MPa). 
For this test, the cross-head speed was set as constant rate of 2mm/min (0.05in/ min). A 
Wyoming Test Fixture IOSIPESCU Shear test fixture was used to perform this test. Before 
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the test, the sample was clamped to the fixture and adjusted using the MTS machine to 
ensure the sample was not under-loading (shown in Figure 17).  
 
Figure 17. Shear test of ASA 
DIC was used in shear testing to determine strain instead of an extensometer or strain 
gauges. Standard DIC testing procedures were used, as described in previous sections. 
The following equations were used for the analysis in Matlab codes [Appendix E]. 
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!ℎ#	" !"	, c = |efgh⁰| + |ekgh⁰|               (17) 
To measure the strain at +/- 45⁰, DIC was used.  In the GOM software, instead of 
highlighting the whole region of the sample, only the region that would have covered the 




Figure 18. Shear strain angle 
 
Figure 19. Digital Image Correlation of shear sample 
   
FILAMENT ONLY TENSILE TESTING 
The filament tensile test was conducted using an MTS Insight 5 Universal Testing Machine 
ASTM D638 Standard Test Method for Tensile Properties of Plastics. The temperature and 
humidity were kept at 20o Celsius and 40% ~ 50% relative humidity. Prior to testing, the 
diameter of the filaments was measured five times in different regions along each filament 
to find the cross-section area of the filament. 
To perform the test, the filament was clamped onto the fixture Manual Bollard MTS Grip 
Set as shown in Figure 20. The grips were placed at 200mm (7.874in) apart for initial length 




Figure 20. Filament test of ASA 







CHAPTER 4 – DIGITAL IMAGE CORRELATION 
Digital Image Correlation (DIC) was used to find the strain value for some of the testing 
in this thesis. DIC is a method of measuring surface deformation using a reference image 
and deformed image. There are two types of DIC, 2d and 3d. For this thesis, 2d DIC was 
used to measure in-plane strain. Some of the most popular DIC codes are ARAMIS from 
GOM Correlate [citation needed], ISTRA 4d from Dantec Dynamics [citation needed], 
StrainMaster from LaVision.Inc [citation needed], and VIC3d from Correlated Solutions 
[16]. As 2d DIC uses one single camera to capture the image, only in-plane deformation 
was measured, and out-of-plane deformation was ignored. To reduce errors, the image 
sensor was parallel to the sample surface so that the acquired image linearly corresponded 
to the actual surface [17]. 
To reduce error in measurements, the camera was mounted to a rigid tripod so that the lens 
would not move during the test. The camera was also positioned perpendicular to the 
surface sample to reduce distortion. To get a higher image resolution, the camera was 
mounted as close to the sample as allowed by the focal length of the lens. 
To ensure that all pixels were analyzed by the software, the camera must have enough 
resolution to capture most of the pixels and must be controllable from a digital signal. The 
camera used for this study was Marlin F-046 from Allied Vision Technologies. The sensor 
resolution is 780 (Horizontal) x 582 (Vertical) with pixel size 8.3μm x 8.3μm. The cable 
type used for this test was Firewire 400 capable of transferring 400mbit/s equivalent to 
49Mb/second. To ensure the image captures the pixel accurately, adequate lighting is 
critical. Too much lighting will cause the surface to appear washed out, too little lighting 
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will cause the surface to appear very dark and the image analysis software will have trouble 
distinguishing the speckles.  
GOM Correlate was used to evaluate the images acquired. The software focuses on several 
subsets on the surface to trace the deformation which contains a random speckle of paint 
in contrast to the background. To properly determine deformations, the sensor needs a high 
contrast surface to distinguish the subset and trace the deformation, hence, the surface was 
painted with white paint for the background then sprayed with black spray paint to create 
a high-contrast random speckle.  
To start evaluating the surface, the user needs to determine the region to evaluate, called 
surface component. Then, the software picks ideal patterns in several squares throughout 
the surface that can be traced from the initial image to the last image. From each stage, the 
software would combine the deformation beginning from the initial image to the last image. 
After the average deformation/strain in every image was obtained, the software can plot a 
variety of results for each assigned axis. The strain is calculated by dividing the change in 
length to the initial length. The initial length was obtained from the reference image or the 
initial image. The arithmetic means strain determines the average value in the current 
image/stage. 
Initially, the images were imported and the surface component determined the region of 
the image that needed to be evaluated. Then, the region was divided into several 
overlapping squares called subset pixel. The main purpose of the subset was to determine 
the magnitude and direction of the deformation using two different references and one 




Figure 21. Subset pixels 
For the purposes of this testing, DIC has the benefit of replacing strain gauges to measure 
strain in the longitudinal and transverse directions for tensile and compression tests, and 
+45/-45⁰ strain gauge for the shear test. Not only does this reduces the cost of testing 
because strain gauges do not need to be used, but the results may be more accurate. Due to 
the layered nature of 3d printed parts, glues may be able to infiltrate between layers and 
affect overall material properties. The limitation of 2d DIC, including out-of-plane 
deformation, has to be ignored because one camera can only capture a 2d plane perfectly 




CHAPTER 5 - RESULTS 
TENSILE 
Table 1 shows the tensile test results for all samples. This was a displacement-controlled 
test, hence the MTS machine only records the reaction force and extensometer 
displacement.  All other properties are derived from this data. 















1 90⁰ 36.26 1.56 31.69 3.65 
2 90⁰ 35.96 1.86 32.60 4.30 
3 90⁰ 34.51 1.80 32.03 3.62 
4 90⁰ 36.09 1.78 33.56 5.39 
5 90⁰ 36.07 1.85 33.80 2.52 
1 45⁰ 35.63 1.71 33.51 5.76 
2 45⁰ 36.83 1.73 34.23 5.15 
3 45⁰ 34.58 1.75 32.04 9.56 
4 45⁰ 35.40 1.75 32.77 3.42 
5 45⁰ 35.42 1.77 32.06 6.54 
1 0⁰ 44.65 1.86 41.08 2.69 
2 0⁰ 43.05 1.78 42.32 1.58 
3 0⁰ 42.00 1.80 39.43 2.22 
4 0⁰ 41.05 1.85 39.26 1.65 
5 0⁰ 40.78 1.92 36.78 1.18 
 
Table 2 shows a summary of all of the tensile sample results from Table 1.  












90⁰ 35.78 ± 0.718 1.77 ± 0.124 32.74 ± 0.926 0.37 ± 0.028 
45⁰ 35.57 ± 0.810 1.74 ± 0.023 32.92 ± 0.950 0.37 ± 0.024 






Figure 22. Representative tensile testing data at each raster orientation 
The summary of the tensile is shown in Table 2. The data shows that the 0⁰ direction 
exhibits the highest Ultimate Strength, Modulus of Elasticity, and Yield Stress. The 45⁰ 
and 90⁰ direction have similar properties. These results are shown graphically in Figure 


























Figure 23. Graph of Ultimate Tensile Strength for ASA samples 
 
   





































































Figure 25. Graph of yield stress for ASA samples. 
FILAMENT TENSILE  
The results for ASA filament tensile are shown in Table 3. The average ultimate tensile 
strength was 44.42 MPa, 1.33GPa for E, and 39.57MPa for yield stress. The maximum 
elongation values were more dynamic as there are multiple yielding spots throughout the 
filament.  























1 1.74 0.00 43.40 1.31 36.53 17.99 
2 1.71 0.00 45.28 1.37 41.75 29.45 
3 1.71 0.00 45.17 1.38 41.28 31.07 
4 1.70 0.00 44.34 1.36 40.71 25.21 
5 1.72 0.00 44.44 1.32 38.67 16.78 
6 1.72 0.00 44.31 1.30 38.88 19.17 
7 1.72 0.00 44.00 1.34 39.21 13.92 
SHEAR 
Table 4 shows the ASA shear test results for all samples. Data from the MTS machine 

























0-degree Yield Strength 45-degree Yield Strength
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1 13.55 6.24 0⁰ 25.11 0.32 0.73 23.26 - 
2 13.11 6.38 0⁰ 29.00 0.30 0.55 24.81 0.63 
3 13.84 6.48 0⁰ 24.73 0.26 0.57 22.06 0.65 
4 13.29 6.44 0⁰ 22.25 0.28 0.48 17.02 0.44 
5 13.30 6.35 0⁰ 22.44 0.28 0.57 19.04 0.70 
6 13.12 6.38 0⁰ 45.03 0.31 0.23 29.46 0.47 
1 13.55 6.46 45⁰ 28.58 0.31 0.55 26.15 0.60 
2 13.75 6.45 45⁰ 28.45 0.26 0.97 26.49 - 
3 13.31 6.48 45⁰ 28.81 0.24 0.70 23.03 0.62 
1 13.37 6.33 90⁰ 26.80 0.28 0.40 22.25 0.61 
2 13.70 6.21 90⁰ 26.84 0.32 0.40 25.49 0.67 
3 13.26 6.42 90⁰ 28.21 0.26 0.25 26.76 0.42 
 
Table 5 summarizes the average test results for each type of sample (raster orientation). 
The results show that there was little impact of raster orientation to the shear properties of 
ASA. UTS and shear modulus of elasticity was not affected by raster orientation. Yield 
stress, however, showed that 45⁰ orientation has the highest value. 









0⁰ 28.09 ± 2.605 0.29 ± 0.021 0.52 ± 2.965 
45⁰ 28.61 ± 0.183 0.27 ± 0.025 0.74 ± 0.823 





Figure 26. Representative shear testing data at each raster orientation 
FATIGUE 
Table 6 and Figure 27 show the ASA fatigue test results for all samples. The results show 
























Figure 27. Graph of uniaxial fatigue test of ASA samples. 
 














1 13.44 6.3 45⁰ 3.00E+07 2540.16 127 
2 13.24 6.29 45⁰ 3.00E+07 2498.39 78 
3 13.48 6.38 45⁰ 2.50E+07 2150.06 658 
4 13.31 6.27 45⁰ 2.00E+07 1669.07 919 
5 13.44 6.36 45⁰ 1.50E+07 1282.18 3789 
6 12.97 6.32 45⁰ 1.00E+07 819.70 29755 
7 13.43 6.35 45⁰ 5.00E+06 426.40 221378 
8 13.24 6.2 45⁰ 7.50E+06 615.66 35500 
9 13.41 6.3 45⁰ 8.00E+06 675.86 50200 
10 13.52 6.37 45⁰ 6.00E+06 516.73 155016 
11 13.49 6.41 45⁰ 9.00E+06 778.24 28501 
12 13.01 6.36 45⁰ 1.25E+07 1034.30 15932 
13 13.86 6.28 45⁰ 1.75E+07 1523.21 1343 
1 13.16 6.29 0⁰ 3.00E+07 2483.29 50 























3 13.73 6.27 0⁰ 2.00E+07 1721.74 460 
4 13.24 6.34 0⁰ 1.50E+07 1259.12 1723 
5 13.51 6.46 0⁰ 1.00E+07 872.75 8149 
6 13.51 6.25 0⁰ 5.00E+06 422.19 182406 
7 12.98 6.46 0⁰ 6.00E+06 503.10 60812 
8 13.35 6.31 0⁰ 7.00E+06 589.67 89971 
9 13 6.32 0⁰ 8.00E+06 657.28 85847 
10 13.05 5.87 0⁰ 9.00E+06 689.43 80752 
11 13.08 6.37 0⁰ 1.25E+07 1041.50 4283 
12 13.05 6.4 0⁰ 2.47E+07 2063.67 632 
13 13.35 6.3 0⁰ 2.05E+07 1721.74 271 
14 12.82 6.37 0⁰ 1.75E+07 1429.11 3497 
1 13.26 6.31 90⁰ 3.00E+07 2510.12 64 
2 13.01 6.29 90⁰ 2.50E+07 2045.82 318 
3 13.48 6.24 90⁰ 2.00E+07 1682.30 1204 
4 13.36 6.25 90⁰ 1.50E+07 1252.50 6297 
5 13.16 6.24 90⁰ 1.06E+07 872.75 21423 
6 13.31 6.29 90⁰ 5.04E+06 422.19 255268 
7 13.2 6.29 90⁰ 6.00E+06 498.17 127220 
8 13.41 6.17 90⁰ 7.00E+06 579.18 90797 
9 13.02 6.34 90⁰ 8.00E+06 660.37 98091 
10 12.88 6.33 90⁰ 9.00E+06 733.77 37526 
11 13.41 6.23 90⁰ 1.25E+07 1044.30 8068 
12 13.35 6.37 90⁰ 1.75E+07 1488.19 1383 
 
FLEXURAL 
Table 7 shows the ASA flexural test results for all samples. The average flexural 
properties of ASA are calculated in Table 8. The 0⁰ direction exhibits the highest value 
for modulus of flexure and yield stress. The 90⁰ and 45⁰ did not make any difference. 




















1 12.79 4.64 45⁰ 52.07 1.31 43.94 
2 13.39 4.55 45⁰ 47.65 1.35 34.46 
3 12.79 4.35 45⁰ 52.25 1.36 41.91 
4 13.09 4.38 45⁰ 53.34 1.40 43.38 
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5 12.79 4.26 45⁰ 50.60 1.53 35.25 
1 12.61 4.18 0⁰ 64.27 1.83 51.96 
2 12.70 4.31 0⁰ 63.02 1.71 53.97 
3 12.80 4.34 0⁰ 61.11 1.67 49.68 
4 12.72 4.24 0⁰ 61.50 1.65 52.10 
5 12.95 4.30 0⁰ 59.88 1.64 49.19 
1 12.74 4.40 90⁰ 49.80 1.31 38.26 
2 13.00 4.54 90⁰ 48.69 1.31 38.57 
3 12.70 4.59 90⁰ 46.69 1.35 36.97 
4 12.66 4.50 90⁰ 46.63 1.36 38.05 
5 13.09 4.35 90⁰ 51.73 1.38 43.72 
 












90⁰ 48.71 ± 2.163 1.34 ± 0.033 39.11 ± 0.854 
45⁰ 51.18 ± 2.202 1.39 ± 0.084 39.79 ± 1.577 
0⁰ 61.96 ± 1.710 1.70 ± 0.077 51.38 ± 2.086 
 
 


























The impact results for all samples are shown in Figure 29. The figure clearly shows that 
samples with the 0⁰ direction have the highest impact energy followed by 45⁰ and 90⁰ 
direction. 
 
Figure 29. Graph of impact test for ASA samples. 
COMPRESSION 
The compression test was a displacement-controlled test and the average values are 
shown in Table 9. Tests were ended when the sample completely broke by buckling 
(shown in Figure 30) or after the sample was completely compressed. The samples that 
were printed in a flat position had the highest result with the 0⁰ direction having the 
highest ultimate compressive strength followed by 90⁰, 45⁰, 45⁰ printed in the standing 
position, and last, cylinder samples. For the modulus of elasticity, the samples that were 
printed standing up showed the highest value followed by the flat 45⁰, 90⁰, 0⁰, and at 
last the cylinder samples. The plot of each of the compression properties is shown in 




































Modulus of Elasticity  
(GPa) 
Poisson’s Ratio 
Vert 45⁰ 44.55 ± 0.774 2.18 ± 0.140 0.49 ± 0.024 
Flat 0⁰ 48.59 ± 0.639 1.90 ± 0.220 0.53 ± 0.036 
Flat 45⁰ 44.99 ± 0.584 2.04 ± 0.092 0.53 ± 0.025 
Flat 90⁰ 45.92 ± 0.890 2.02 ± 0.083 0.41 ± 0.027 
Cylinder 39.46 ± 2.092 1.34 ± 0.054 N/A 
 
Figure 30. Buckled sample 
 































Figure 32. Graph of ultimate compressive strength for ASA samples. 
 
Figure 33. Graph of modulus of elasticity for ASA samples.  






















































































CHAPTER 6 - DISCUSSION OF RESULTS 
Three raster orientations of ASA parts were tested to determine the part strength at each 
raster orientation. Most other published research related to the strength of FDM 3d printed 
components shows a strong difference between raster orientations, with parts showing 
strong anisotropy - similar to fiber reinforced composite materials. However, FDM 3d 
printed ASA did not show this phenomenon nearly as much as other materials. 
One potential reason this anisotropy may not be occurring like other materials is due to the 
extrusion/printing temperature of ASA. ASA is extruded at a much higher temperature than 
some of the other lower temperature materials, such as ABS and PLA. The higher 
temperature allows the new layer of material to melt more of the previous layer and allows 
the polymer to bond better with the previous layer. To investigate this, several ASA and 
ABS samples were printed and tested to failure to see the fracture surface. Figure 34 (L) 
shows a typical fracture surface for FDM 3d printed ASA. The layers/toolpasses look very 
uniform and almost rectangular. Figure 35 (L) shows a typical ABS fracture surface. In 
contrast to the ASA fracture surface, each of the layers/toolpasses look more circular. This 
may mean that the ASA melts/slumps more into the previous layers already deposited on 
the part. 
Figure 34. (L) Laser microscopy of ASA sample at 20X, (R) Image analysis showing air gaps in white 
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Figure 35. (L) Laser microscopy of ABS sample at 20X, (R) Image analysis showing air gaps in white 
An air gap image analysis of the two fracture surfaces reveals some interesting information. 
The area fraction of air gap was calculated with ImageJ software. The software converts 
the image to an 8-bit image and adjusts the histogram to highlight the air gap area. After 
the area is highlighted, the software calculates the fraction area of the air gap. The air gap 
in the ASA sample was around 0.7% compared to the ABS sample which was 1.9%. Thus, 
ASA samples were more solid than ABS samples.  
The test results in Section 5 demonstrate (for the most part) that material properties are 
much more isotropic than other FDM printed materials. Some properties, however, do still 
show a significant amount of anisotropy, such as Ultimate Tensile Strength, Tensile 
Modulus of Elasticity, Flexural Ultimate Strength, Modulus of Elasticity in Flexure and 
Impact Strength.  All other properties tested may show small differences, but not significant 
differences. 
Another way to understand the slumping behavior of FDM printed materials is to conduct 
an overhang test, which is simply a curved beam that prints at increasing overhang 
(overhang is when some of the toolpass is not directly over the top of the previous layer 
and some of the material overhangs with support structure below). Overhang beams are 
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shown in Figure 36, printed in three different materials. The printing temperatures for the 
three materials was ABS at 240⁰ C, PLA at 220⁰ C, and ASA at 260⁰ C. 
 
Figure 36. Overhang test samples 
The beams were analyzed under a microscope to determine the overhang angle that 
resulted in unacceptable slumping in the overhung region. These results can be seen from 
Figures 37 to 42. It is evident that at an 80⁰ overhang, ASA sags more than the PLA and 
ABS. The maximum angle where it can print without sagging was at 20⁰ for ASA 
compared to 55⁰ for ABS and 45⁰ for PLA. This shows that as the printing temperature 
increases, the filament requires more time to solidify.  
 




Figure 38. ABS 80⁰ 
 
Figure 39. PLA 80⁰ 
 





Figure 41. ASA 20⁰ 
 




CHAPTER 7 – CONCLUSIONS 
Material properties of FDM 3d printed ASA have been tested and characterized. In 
contrast to material testing for other FDM 3d printed materials, ASA did not show as 
much anisotropy as other materials.   
Testing of the filament feedstock showed ultimate tensile strength ranging from 43.40 – 
45.28MPa, modulus of elasticity ranging from 1.3 – 1.38GPa, and yield stress ranging 
from 36.53 – 41.75MPa. Testing tensile samples shows that raster orientation had a 
significant effect on the tensile properties of ASA with 0⁰ raster orientation having the 
highest ultimate tensile strength, modulus of elasticity, and yield stress followed by 45⁰ 
and 90⁰. For 0⁰ raster orientation, the average UTS was 42.31MPa, E was 1.85GPa, and 
yield stress was 39.77MPa. Shear sample results showed the 45⁰ and 0⁰ raster 
orientation samples had the highest UTS, E, and yield stress followed by 90⁰ raster 
orientation. In uniaxial fatigue, raster orientations were indistinguishable for the results of 
this testing. Raster orientation made no difference for fatigue testing. For the flexural test, 
the 0⁰ orientation tends to have the highest modulus of flexure, ultimate flexural 
strength, and yield stress. Impact testing showed a significant difference in printing 
orientation. The 0⁰ orientation had the highest impact energy followed by 45⁰ and 90⁰ 
orientation.  
The compression tests showed that samples printed flat performed better than samples 
printed vertically. For samples printed flat, the 0⁰ raster orientation had the highest 
Ultimate Compressive Strength (UCS), modulus of elasticity, and yield stress followed by 
the 45⁰ then 90⁰ raster orientation. For samples that were printed vertically, square 
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samples performed better than cylindrical samples. This could be due to a taller cylindrical 
sample, hence the sample buckled much earlier compared to the shorter square samples. 
A summary of mechanical properties of ASA is shown below: 
Tensile 
 /K = 1.85o	 
 /p = 1.77o	 
 rKp = 0.38 
 rpK = 0.37 
Compression 
 /K = 1.9o	 
 /p = 2.20o	 
 rKp = 0.53 
 rpK = 0.41 
Shear 
 oK = 0.29o	 




CHAPTER 8 – RECOMMENDATIONs AND FUTURE WORK 
This study incorporated 2d DIC to substitute the use of strain gauge and successfully 
produced results close to the results obtained from the MTS machine. However, the use 
of DIC can be improved by implementing 3d DIC so that out-of-plane deformation could 
be considered, and more data could be used in the analysis. The compression tests 
showed that the position of the sample while being printed affected the mechanical 
properties, therefore, it would be beneficial to investigate the effect of printing position 
on the mechanical properties of the sample. For the uniaxial fatigue test, it would be 
beneficial to study the fatigue properties of ASA with different stress ratios and the effect 
of temperature on fatigue testing. Since ASA has the advantage of its resistance to UV 
radiation, it would be particularly useful to investigate the effect of radiation on the 











width = 6.8072/1000;   %in meters 
thickness = 4.3942/1000;    %in meters 
gauge_length = 20/1000;   %in meters 
filename = 'ASA_Tensile_18.txt'; 
filename2 = 'ASA_Tensile_18'; 
 
area = width*thickness;  %m^2 
 
temp = csvread(filename,7,0); 
 
time = temp(:,1);   %sec 
disp = temp(:,4)/1000;   %mm then m 
disp = disp - disp(1); 
force = temp(:,3);   %N 
 
stress = force/area;   %in Pa 
strain = disp/(gauge_length);    %in mm/mm 
range = [40:160]; 
[coeff] = polyfit(strain(range),stress(range),1); 
 
E = coeff(1) 
strain_plus = stress/E + 0.002; 
 
for i=1:length(stress) 
    flip = sign(strain_plus(i)-strain(i)); 
    if flip ~= 1 
        break 
    end 
end 
 





















% axis tight 
 
paste_in_Excel = [ max(stress)/1e6 E/1e9 yield_stress/1e6 strain(end)*100  ] 
%output is Ultimate Tensile Strength (MPa), Modulus of Elasticity (GPa), Yield Stress 
(MPa), , Max Elongation (%) 
 




APPENDIX B: MATLAB CODES TO CALCULATE 





dia = 12.5/1000;   %in meters 
gauge_length = 50/1000;    %in meters 
 
filename = 'Comp_01.dat'; 
filename2 = 'Comp_01'; 
 
% temp = tdfread(filename,'tab','tab','tab') 
temp = dlmread(filename, '\t', 5, 0); 
 
time = temp(:,1); 
disp = temp(:,2)/1000;   %m 
force = -temp(:,3);       %N 
disp = -(disp-disp(1));     %m 
 
area = pi/4*dia^2;  %m^2 
 
stress = force/area;   %in Pa 
strain = disp/gauge_length;    %in mm/mm 
range = [200:500]; 
[coeff] = polyfit(strain(range),stress(range),1); 
 
E = coeff(1) 
 
strain_plus = stress/E + 0.002; 
 
for i=range(end):length(stress) 
    %flip = sign(strain_plus(i)-strain(i)); 
    flip(i) = sign(strain(i)-(strain_plus(i)+.002)); 
    if flip(i) ~= -1 
        break 
    end 
end 
 



























paste_in_Excel = [ max(stress)/1e6 E/1e9 yield_stress/1e6] 
%output is Ultimate Tensile Strength (MPa), Modulus of Elasticity (GPa), 
 




APPENDIX C: MATLAB CODES TO CALCULATE 





width = 12.85/1000;      %in meters 
depth = 12.95/1000;      %in meters 
gauge_length = 50/1000;    %in meters 
 
filename = 'ASA_Comp_Flat_0_09.dat'; 
filename2 = 'ASA_Comp_Flat_0_09'; 
% temp = tdfread(filename,'tab','tab','tab') 
temp = dlmread(filename, '\t', 5, 0); 
 
time = temp(:,1); 
disp = temp(:,2)/1000;   %m 
force = -temp(:,3);       %N 
disp = -(disp-disp(1));     %m 
 
area = width*depth;  %m^2 
 
stress = force/area;   %in Pa 
strain = disp/gauge_length;    %in mm/mm 
range = [1400:2400]; 
[coeff] = polyfit(strain(range),stress(range),1); 
 
E = coeff(1) 
 
strain_plus = stress/E + 0.002; 
 
for i=range(end):length(stress) 
    %flip = sign(strain_plus(i)-strain(i)); 
    flip(i) = sign(strain(i)-(strain_plus(i)+.002)); 
    if flip(i) ~= -1 
        break 
    end 
end 
 




























paste_in_Excel = [ max(stress)/1e6 E/1e9 yield_stress/1e6] 
%output is Ultimate Tensile Strength (MPa), Modulus of Elasticity (GPa), 
%yield stress 
 




APPENDIX D: MATLAB CODES TO CALCULATE 





diam = 1.74/1000 %in meters 
gauge_length = 200/1000;   %in meters 
filename = 'ASA_Filament_LightBlue.txt'; 
filename2 = 'ASA_Filament_LightBlue'; 
 
area = pi/4*(diam^2)     %m^2 
 
temp = csvread(filename,7,0); 
 
time = temp(:,1);   %sec 
disp = temp(:,2)/1000;   %mm then m 
disp = disp - disp(1); 
force = temp(:,3);   %N 
 
stress = force/area;   %in Pa 
strain = disp/(gauge_length);    %in mm/mm 
range = [15:35]; 
[coeff] = polyfit(strain(range),stress(range),1); 
 
E = coeff(1) 
 
strain_plus = stress/E + 0.002; 
 
for i=1:length(stress) 
    flip = sign(strain_plus(i)-strain(i)); 
    if flip ~= 1 
        break 
    end 
end 
 





















% axis tight 
 
paste_in_Excel = [ max(stress)/1e6 E/1e9 yield_stress/1e6 strain(end)*100  ] 
%output is Ultimate Tensile Strength (MPa), Modulus of Elasticity (GPa), Yield Stress 
(MPa), , Max Elongation (%) 
 










width = 13.48/1000;   %in meters 
thickness = 6.61/1000;    %in meters 
gauge_length = 20/1000;   %in meters 
filename = 'ASA_Shear_0_01.txt'; 
filename2 = 'ASA_Shear_0_01'; 
 
area = width*thickness;  %m^2 
 
temp = csvread(filename,7,0); 
 
time = temp(:,2);   %sec 
disp = temp(:,3)/1000;   %mm then m 
disp = disp - disp(1); 
force = temp(:,1);   %N 
 
stress = force/area;   %in Pa 
strain = disp/(gauge_length);    %in mm/mm 
range = [40:160]; 
[coeff] = polyfit(strain(range),stress(range),1); 
 
E = coeff(1) 
 
strain_plus = stress/E + 0.002; 
 
for i=1:length(stress) 
    flip = sign(strain_plus(i)-strain(i)); 
    if flip ~= 1 
        break 
    end 
end 
 





















% axis tight 
 
paste_in_Excel = [ max(stress)/1e6 E/1e9 yield_stress/1e6 strain(end)*100  ] 
%output is Ultimate Tensile Strength (MPa), Modulus of Elasticity (GPa), Yield Stress 
(MPa), , Max Elongation (%) 
 




APPENDIX F: MATLAB CODES TO CALCULATE 





width = 11.76/1000;   %in to m 
thickness = 4/1000;    %in to m 
span = 50e-3;   %in m 
filename = 'ASA_Flex_0_02.txt'; 
filename2 = 'ASA_Flex_0_02'; 
 
area = width*thickness;  %m^2 
temp = csvread(filename,7,0); 
 
time = temp(:,2);   %sec 
disp = temp(:,3)/1000;   %m 
disp = disp-disp(1); 
force = temp(:,1);   %N 
 
stress = 3*force*span/(2*width*thickness^2);   %in Pa 
strain = 6*disp*thickness/(span^2);    %in m/m 
range = [40:110]; 
[coeff] = polyfit(strain(range),stress(range),1); 
 
E = coeff(1); 
 
strain_plus = stress/E + 0.002; 
 
for i=1:length(stress) 
    flip = sign(stress(i)-(E*(strain(i)-.002)+coeff(2))); 
    if flip ~= 1 
        break 
    end 
end 
 
yield_stress = stress(i) 


















axis([0 0.15 0 100]) 
xlabel('Strain (mm/mm)') 
ylabel('Stress (MPa)') 
% axis tight 
saveas(gcf,filename2,'fig') 
saveas(gcf,filename2,'jpeg') 
paste_in_Excel = [max(stress)/1e6 E/1e9 yield_stress/1e6 strain(end)*100 ]    %output is 
in MPa, GPa, % 
%Ultimate Stress, Yield Stress, Modulus of Rupture, Modulus of Flexure, Max Strain 
paste_SS = [strain stress/1e6]; 
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APPENDIX G: ASSORTED SAMPLES FOR VARIOUS 
TESTING 
 
Figure 43. Raster orientation demonstrations for tensile samples 
 
Figure 44. Raster orientation demonstrations for flexural samples 
 




Figure 46. Raster orientation demonstrations for impact samples 
 
Figure 47. Raster orientation demonstrations for shear samples 
 




Figure 49. Compression sample dimension 
 




Figure 51. Shear sample dimension 
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